Multiple sclerosis (MS) is an autoimmune neurodegenerative disease characterized by chronic brain inflammation. Leukocyte infiltration of brain tissue causes inflammation, demyelination, and the subsequent formation of sclerotic plaques, which are a hallmark of MS. Activation of proinflammatory cytokines is essential for regulation of lymphocyte migration across the blood-brain barrier. We demonstrate increased levels of many cytokines, including IL-2RA, CCL5, CCL11, MIF, CXCL1, CXCL10, IFNγ, SCF, and TRAIL, were upregulated in cerebrospinal fluid (CSF), whereas IL-17, CCL2, CCL3, CCL4, and IL-12(p40) were activated in MS serum. Interaction analysis of cytokines in CSF demonstrated a connection between IFNγ and CCL5 as well as MIF. Many cells can contribute to production of these cytokines including CD8 and Th1 lymphocytes and astrocytes. Therefore, we suggest that IFNγ released by Th1 lymphocytes can activate astrocytes, which then produce chemoattractants, including CCL5 and MIF. These chemokines promote an inflammatory milieu and interact with multiple chemokines including CCL27 and CXCL1. Of special note, upregulation of CCL27 was found in CSF of MS cases. This observation is the first to demonstrate CCL27 as a potential contributor of brain pathology in MS. Our data suggest that CCL27 may be involved in activation and migration of autoreactive encephalitogenic immune effectors in the brain. Further, our data support the role of Th1 lymphocytes in the pathogenesis of brain inflammation in MS, with several cytokines playing a central role.
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Keywords: multiple sclerosis, interleukin, cerebrospinal fluid, interferon, c-c motive ligand, c-X-c motive ligand inTrODUcTiOn Multiple sclerosis (MS) is a chronic inflammatory disease targeting the central nervous system (CNS). The pathogenesis of MS remains largely unknown. It is believed that nervous tissue damage is due to immune reactivity to myelin basic protein (MBP) (1) . The majority of brain lesions are centered near small veins and have prominent lymphocyte and macrophage infiltration (2) . The role of inflammation in the development of brain lesions in MS is well documented (3, 4) . Evidence suggests that leukocytes cross the blood-brain barrier (BBB) and localize in brain lesions. However, it is still unclear whether inflammation in the brain is initiated within the CNS or is the result of leukocyte migration across the BBB driven by systemic inflammation.
Cerebrospinal fluid (CSF) functions to preserve chemical stability of the brain tissue as well as to remove metabolic toxins and waste. Therefore, the molecular composition of CSF probably closely resembles that of the brain. Analysis of the CSF from MS patients has shown the presence of oligoclonal antibodies, detected as IgG oligoclonal bands, which are commonly used in diagnostic workup for MS. Also, markers of demyelination such as MBP-like material are found in 80% of remitting-relapsing MS (RRMS) patients during acute exacerbations (5) . Furthermore, soluble markers of inflammation have been detected in CSF of MS patients; including C9 complement and matrix metalloprotease 9 (6, 7). CSF of MS patients contains high levels of IL-6, TNFα, CCL4, CCL22, CXCL10, and sCD40L suggesting both ongoing inflammation and T cell activation (8, 9) . Cytokines are essential for activating immune response and play a pivotal role in establishing and maintaining the inflammatory milieu.
Cytokine profiles of CSF in MS patients are limited and often contradictive (10) . For example, studies of IL-6 levels in CSF vary from elevated to being undetectable (8, 11) . In addition, Burman and colleagues published data on CSF cytokine profiles that did not agree with the previously demonstrated activation of Th1, Th2, or Th17 responses (9), whereas another study indicated activation of Th1 and Th2 type immune responses (12) . In a comprehensive review of PubMed database conducted by Kothur, the leading role of IFN-γ mediated immune response was reported. However, authors note that data on cytokine activation in MS are often inconsistent among different studies (10) . Therefore, further investigation is needed to delineate the cytokine profile in CSF and its role in pathogenesis of MS.
Our study of the serum cytokine profile of MS patients revealed upregulation of Th17 cytokines, thus providing conformational evidence of their involvement in MS pathogenesis (13) . Also, we observed upregulated levels of serum IL-22 in acute stage RRMS, suggesting that Th22 lymphocytes have a role in MS exacerbation. We extended our investigation to study the cytokine profile of both serum and CSF collected from MS patients. Our data support the concept of CD8+ and Th1 lymphocytes playing a central role in MS brain pathology. Furthermore, in CSF, increased levels of IFNγ were found together with CCL5, MIF, and CCL27. Interaction analysis revealed a strong connection between these cytokines, with IFNγ central to activating CCL5 and MIF. In addition, the CCL5 interaction with CCL27 suggests that these cytokines have a role in brain pathology in MS. 
MaTerials anD MeThODs study subjects and samples

cytokine analysis
Serum and CSF cytokine profiles were analyzed using Bio-Plex (Bio-Rad, Hercules, CA, USA) multiplex magnetic bead-based antibody detection kits following the manufacturer's instructions. Bio-Plex Pro Human Cytokine 27-plex Panel and Bio-Plex Human Cytokine 21-plex Panel were used for detection for a total of 48 analytes. Serum and CSF aliquots (50 µl) were used for analysis, with a minimum of 50 beads per analyte acquired. Median fluorescence intensities were measured using a Luminex 200 analyzer. Data collected were analyzed with MasterPlex CT control software and MasterPlex QT analysis software (Hitachi Software, San Bruno, CA, USA). Standard curves for each analyte were generated using standards provided by the manufacturer.
Detection of Oligoclonal Bands
Oligoclonal IgGs were identified in 10 µl CSF after isoelectric focusing (Hydrasys 2 scan; Sebia, France) and immunofixation with mammalian immunoglobulins directed against human IgG, conjugated to peroxidase (Sebia, France). Then oligoclonal bands were visualized with TTF3 solvent (Sebia, France). Visual analysis and interpretation of presence and number of oligoclonal bands were performed by two experts.
statistical analysis
Descriptive statistics and comparisons of means for normally distributed variables were performed using Statistica 10.0 and XLSTAT software (StatSoft, Inc., Tulsa, OK, USA and Addinsoft, New York, NY, USA, respectively). Non-parametric multiple comparison of medians was conducted using Steel-Dwass All Pairs test that protects the overall error rate (JMP 13.0.0 Software, SAS Institute Inc.). CCL5 and (2) TRAIL and TNFRSF10B (Figure 1) . Also, a strong association was found between cytokines in each cluster. Analysis of the mode of action suggested that TRAIL activates CCL2, which then upregulates CCR5. CCR5 is positioned in the middle of cluster one and interacts with each member. These data suggest that CCR5 may play a role in MS pathogenesis by supporting an inflammatory milieu. Levels of 10 cytokines were found increased in CSF of MS cases as compared to controls; IL-2RA, CCL5, CCL11, CXCL1, CXCL10, CXCL12, MIF, IFNγ, TRAIL, and SCF (Table 3) . Interestingly, four of these cytokines, CXCL10, CCL5, MIF, and TRAIL were also found to be changed in serum of the MS patients. These cytokines are chemoattractants for T lymphocytes 38 ± 2.8 years (19-55 years), and mean duration of the disease was 48.4 months (2.5-185.6 months). Expanded Disability Status Scale (EDSS) score was 3.2 (1.5-7.5). CSF analysis revealed the presence of oligoclonal bands in 16 MS cases. MRI detected multiple lesions in the subcortical region, corpus callosum, and pons. Thirteen patients received disease-modifying therapy (mainly glatiramer acetate and interferon beta), whereas seven patients received no treatment.
Cerebrospinal fluid cytokine profile was analyzed based on detection of oligoclonal antibody bands and EDDS score, whereas serum cytokine profile was evaluated in MS patients with different duration of the disease. Although some patients received disease-modifying treatment, the therapeutics level in CSF was undetermined. Therefore, the effect of therapeutics on cytokine level in CSF is not analyzed.
serum and csF cytokine Profile in Ms
Out of the 48 cytokines analyzed, levels of only 9 cytokines differed between MS and control serum; IL-17, IL-12(p40), CCL2, CCL3, CCL4, CCL5, CXCL10, MIF, and TRAIL ( Table 2) . These upregulated cytokines are associated with activation and chemotaxis of leukocytes. Although no clusters could be identified by STRING analysis using only upregulated cytokine data input, when two dots were introduced (CCR5 and TNFRSF10B), two clusters were formed as follows: (1) CCL2, CCL3, CCL4, and and granulocytes, indicating a role for these leukocytes in MS brain pathology. All cytokines were found to be interconnected when analyzed using the STRING web tool. Two clusters were identified with CCL5, CCL11, CXCL1, CXCL10, CXCL12, and MIF grouped together, whereas IFNγ, TNFSF10, and MIF were separate (Figure 2) . A strong association was found between members within each cluster. In addition, there was a strong association between IFNγ and three members of the separate cluster (CCL5, CCL11, and CXCL10), suggesting that there are interactions between these cytokines (Figure 2) . Interaction analysis indicates that IFNγ plays a central role, causing activation of TNFSF10, a member of the same cluster, as well as CCL5, which belongs to a separate cluster. Therefore, we suggest that IFNγ is a pivotal participant in the pathogenesis of CNS manifestations of MS.
csF cytokine Profile analysis Based on Presence of Oligoclonal Bands
Detection of IgG oligoclonal bands in CSF of MS cases is commonly used as a part of the diagnostic workup (15) . It is believed that oligoclonal IgG bands in CSF are indicative of a B-cell response and inflammation within the CNS (16) . Since cytokines play a role in inflammation and regulate immune responses, we sought to determine whether the presence of oligoclonal bands in CSF in MS cases had distinct cytokine characteristics ( Table 4) . When CSF was analyzed based on the presence or absence of oligoclonal antibody bands, 16 cytokines differed in CSF from MS patients as compared to controls. Values for 13 cytokines were significantly higher in CSF positive for oligoclonal bands, while IL-1b was lower than controls.
In CSF samples negative for oligoclonal IgG bands, only four cytokines were found to be upregulated, while levels of G-CSF were lower when compared to controls. Four cytokines were upregulated in oligoclonal band positive and negative samples, CCL5, CCL7, CXCL10, and GM-CSF. Interestingly, two of these cytokines (CCL5 and CXCL10) were found upregulated relative to control when CSF samples were analyzed independent of clinical presentation or presence of oligoclonal bands, suggesting that these cytokines play a fundamental role in disease pathogenesis.
In should be noted that the level of CCL27 was significantly higher in oligoclonal antibody positive CSF. In addition, the presence of oligoclonal antibodies was accompanied by a significant upregulation of IFNγ, IL-12(p40), and CXCL1, while the levels of these cytokines did not differ between controls and MS cases without oligoclonal bands. Taken together, these data suggest that in MS cases with oligoclonal band positive CSF there is a cytokine profile characteristic for a Th1 immune response [IFNγ and IL-12(p40)] and granulocyte activation (CXCL1 and G-CSF), whereas in CFS negative for oligoclonal IgG there is a lack of the Th1 response, as well as an absence of granulocyte activation. These results suggest that the presence of oligoclonal IgG reflects an ongoing immune process involving diverse leukocyte subsets.
STRING analysis of cytokine profiles revealed that upregulated cytokines in oligoclonal band positive CSF are interconnected ( Figure 3A) . Two clusters could be identified with IFNγ, MIF, and TNF10 grouped together, whereas CCL5, CCL11, CCL27, and CXCL1 forming a separate cluster. Interestingly, it appears that activation of IFNγ could cause upregulation of two cytokines within the same cluster as well as CCL5, a member of another cluster. This suggests that IFNγ may play a central role in the pathogenesis of oligoclonal antibody positive MS.
STRING analysis of cytokine profile in patients without oligoclonal bands identified three clusters; however, there were few strong links between members in each cluster ( Figure 3B) . For example, IL-2RA and GM-CSF were linked forming one cluster, though a link was only detected between CCL5 and CCL27, and there was no link between MIF and TRAIL. Interestingly, it appears that GM-CSF activation was central in the cytokine profile of CSF from oligoclonal band negative patients, as STRING analysis indicated that GM-CSF activation causes upregulation of IL-2RA and CCL5, which interacts with CCL27. Therefore, these data suggest that IFNγ and GM-CSF play an important role in regulation of oligoclonal antibody production in MS CSF.
csF cytokine Profile analysis Based on eDss
Expanded Disability Status Scale is used to quantify and monitor changes in the disability in MS over the time and is based on assessment of eight functional systems including pyramidal, cerebellar, brainstem, sensory, bowel/bladder, mental, and visual. EDSS is a 0.5-point step-based scale where patients with 0-1.5 score are characterized as having no disability, whereas scores 2.0 and higher represent various degrees of disability with Oligoclonal band negative patients (*P < 0.01; **P < 0.001; ***P < 0.0001).
the highest being death. Since EDSS correlates with the degree of neurological dysfunction, potentially related to the neuroinflammation, we sought to determine whether SCF cytokine profiles vary in patients with different EDSS score. CSF samples were separated into two groups: (1) EDSS ≤ 1.5, representing MS patients without disability and (2) EDSS > 1.5, including MS patients with varying degrees of disability. Twelve cytokines differed in the CSF of MS patients with an average EDSS score of 1.5 when compared to control cases ( Table 5) . Of these, nine cytokines, namely, IL-1β, IL-2RA, CCL5, CCL7, CCL27, CXCL1, GM-CSF, MIF, and TRAIL, had changed values in patients with oligoclonal bands in their CFS. Importantly, five of these cytokines (IL-2RA, CCL5, CXCL1, MIF, and TRAIL), detailed above, that had changed values in CSF of MS patients independent of clinical presentation or laboratory findings. These data strongly suggest that these cytokines are fundamental to MS pathogenesis. Levels of 16 cytokines [IL-1b, IL-2RA, IL-6, IL-7, IL-12(p40), CCL5, CCL7, CCL27, CXCL1, CXCL10, IFNγ, G-CSF, GM-CSF, MIF, TRAIL, and SCF] were changed in patients with EDSS 3.7. Interestingly, values for eight of these cytokines, such as IL-2RA, CCL5, CXCL1, CXCL10, IFNγ, MIF, TRAIL, and SCF, were also altered in MS CSF, for samples analyzed independent of the patient's disability status. Taken together, these results further suggest that a group of cytokines including IL-2RA, CCL5, CCL11, CXCL1, CXCL10, CXCL12, IFNγ, MIF, CSF, and TRAIL play a role in pathogenesis of MS.
serum and csF cytokine analysis Based on the Disease Duration
Serum and CSF samples were grouped according to disease duration and designated as group 1: soon after the diagnosis (4.2 ± 0.8 months after the diagnosis) or group 2: later after diagnosis (76.6 ± 14.3 months after the diagnosis). Six cytokines were upregulated in serum of group 1 MS, while levels of 11 cytokines differed in group 2 MS (Table 6 ) as compared to control. Interestingly, a larger number of cytokines were affected in CSF of group 1 MS as compared to that in serum of the same patients (15 vs 5). In group 2 MS, CSF level of 9 cytokines remained altered, whereas more cytokines, total of 11, were affected in serum. CSF cytokine profile in group 1 MS cases may indicate activation and chemotaxis of lymphocytes, which continues later in the disease.
Of note, upregulation of IFNγ was detected in group 1 CSF samples, while level of this cytokine in serum remained similar to controls. Furthermore, STRING analysis data suggested that IFNγ plays a central role in pathogenesis of both oligoclonal IgG in CSF and EDSS.
DiscUssiOn
Multiple sclerosis is an autoimmune disease characterized by demyelination and lymphocyte infiltration of brain tissue. It has been suggested that myelin specific T lymphocytes play a role in disease pathogenesis. Studies have shown that these T cells have a Th1 helper inflammatory lymphocyte phenotype, as they produce IFNγ and TNFα when exposed to MBP (17) (18) (19) . In addition to Th1 lymphocytes, a subset of TH17 lymphocytes has been implicated in the pathogenesis of MS, since the occurrence of Th17 cells was significantly higher during an exacerbation (20, 21) . Activation of Th1 and Th17 lymphocytes is orchestrated by a distinct set of cytokines, where IFNγ and IL-12 are essential for developing Th1, while IL-17 is produced by Th17 helper cells (22) . Our data support the hypothesis of Th1 and Th17 activation in MS. However, we have demonstrated that CSF and serum cytokine profiles differ, with increased IFNγ and IL-12 in CSF suggesting upregulation of Th1 cells in the brain, while a high serum level of IL-17 indicates Th17 activation in the circulation. STRING analysis further supports the central role of Th1 in brain pathology, as IFNγ, the main Th1 cytokine, was shown to activate several cytokines. The role of Th1 immune response in the MS brain pathology is also corroborated by the results of STRING analysis of CSF cytokine profiles based on presence of oligoclonal IgG. Interaction studies identified IFNγ as the cytokine activating several other molecules including CCL5. Therefore, we suggest that Th1 type response plays an important role in MS brain pathogenesis. IFNγ has previously been suggested to play an important role in pathogenesis of MS. For example, Lees et al. have shown that interaction between IFNγ and the CNS can modulate neuroinflammation and leukocyte infiltration (23) . These authors demonstrated that IFNγ produced by effector T cells was selectively anti-inflammatory in the cerebellum and brainstem. However, IFNγ-IFNγR interactions were required for inflammatory infiltration of the spinal cord. These data demonstrate discrete regional responses to IFNγ during neuroinflammation. In another study, the role of IFNγ in MS pathogenesis was demonstrated by exogenous administration of IFNγ, which increased the exacerbations of MS (24) . In addition, Maxeiner et al. have TaBle 6 | cytokine profile of multiple sclerosis serum and cerebrospinal fluid (csF) collected at different time points after the diagnosis. analyte serum (pg/ml) csF (pg/ml)
IL-1a 2.9 ± 0.3 3.5 ± 0.6 10.1 ± 0.5** 1.5 ± 0.2 3.7 ± 2.1 2.4 ± 0.5 IL-1b 7.6 ± 1.4 5.6 ± 2.5 87. shown that upregulation of IFNγ in CSF of MS cases (25) (26, 27) . Glial cell function is not limited to providing a nurturing environment for neurons; they also play an important role in CNS immunity. For instance, astrocytes can attract T cells within the CNS via secretion of multiple chemokines including IL-8, CCL2, CCL5, and CXCL10 (28) . Also, upon IFNγ stimulation, astrocytes support proliferation of myelin oligodendrocyte glycoprotein-specific CD4+ T cells (29, 30) . In addition, acting like professional antigen-presenting cells, astrocytes can activate encephalitogenic CD4+ T cells through the classical MHC class II pathway (31) . Therefore, CNS astrocytes are a plausible source of CCL5, being secreted by glial cells upon IFNγ stimulation. Although the role of CCL5 in brain pathology in MS remains largely unknown, evidence suggests that CCL5 may contribute to the severity of MS (9, (32) (33) (34) .
MIF is secreted (35) by IFNγ stimulated leukocytes, including lymphocytes, macrophages, dendritic cells, and neutrophils (36, 37) . In addition, within the CNS, astrocytes can produce MIF as it has been shown by Choi et al. (38) . Interestingly, increased CSF level of MIF in MS cases was reported by Niino et al. (39) . Later, Cox et al. confirmed the role of MIF in MS pathogenesis by demonstrating that MIF-deficient mice present with reduced experimental autoimmune encephalomyelitis (EAE) severity and exhibit a lower degree of the CNS inflammation (40) . In addition, intraspinal injection of MIF resulted in upregulation of inflammatory mediators in microglia and was sufficient to restore EAE-mediated inflammatory pathology in MIF-deficient mice. Genetic polymorphism studies also support the role of MIF in MS pathogenesis. It has been shown that MIF-173 GC genotype was association with a higher EDSS in MS (41) . In another study, patients with MIF-173 CC genotype were shown to have a significantly lower age of onset compared with those with the MIF-173 CG and MIF-173 GG genotypes (42) . Our data support the role of MIF in pathogenesis of MS. We believe that IFNγ causes secretion of MIF by leukocytes within the brain of MS patients.
We have demonstrated upregulation of CCL27 in both serum and CSF of MS. These data corroborate our previous publication, where significant upregulation of CCL27 was found in serum of RRMS cases when compared to controls (13) . CCL27 has been implicated in an inflammatory allergic reaction, primarily due to homing memory T cells in the skin (43) . However, recently, a role for CCL27 in allergic reactions within the CNS has been suggested. Gunsolly et al. have demonstrated expression of CCL27 in the cerebral cortex and limbic regions of the CNS in mice exposed to ovalbumin (44) . During the ovalbumin-caused allergic inflammation, CCL27 upregulation was accompanied by infiltration of T cells (44) . It is possible that CCL27 targets astrocytes and neurons of the hippocampus, since the expression of CCR10, the CCL27 receptor, was found on these cells (45, 46). CCL27 acts as chemoattractant for antigen-specific T lymphocytes (47); therefore, CCL27 may act to facilitate autoreactive T lymphocyte migration into brain tissue of MS patients promoting brain inflammation.
Together, our data suggest a central role for IFNγ in brain inflammation in MS. We propose that IFNγ could act on astrocytes by releasing a novel subset of chemokines facilitating an inflammatory milieu and promoting migration of autoreactive encephalitic T lymphocytes. Among these cytokines, CCL5, MIF, and CCL27 are of particular interest, since CCL5 and MIF could be activated by IFNγ and known to be secreted by astrocytes. CCL27 is a novel chemokine, whose role in MS pathogenesis is yet to be established. 
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